Introduction
============

The unprecedented use of antibiotics in the recent decades for the treatment of human infections has contributed significantly to the emergence of a high proportion of bacterial pathogens that are displaying resistance to multiple antibacterial agents.[@b1-idr-11-835] This significant rise in antimicrobial resistance has been accompanied by a sharp decrease in the development of novel groups of antimicrobial agents to tackle this worldwide problem.[@b2-idr-11-835] As the number of antibiotics approved by the US Food and Drug Administration for the treatment of systemic infections has declined by 90% during the last 30 years, there have been several global initiatives to reinvigorate the antibiotic pipelines and prevent the human population from reaching the post-antibiotic era.[@b3-idr-11-835] Antimicrobial peptides (AMPs) have been studied extensively as an alternative group of antimicrobial agents that could represent a novel class of molecules capable of combating bacterial pathogens and combating microbial resistance.[@b4-idr-11-835] Several AMPs have been shown to be capable of eradicating several microorganisms including bacteria, fungi, and viruses.[@b5-idr-11-835] As these molecules display a huge diversity in their structure, a broad spectrum of activity, and a low propensity to induce microbial resistance, several attempts focused on the development of these agents into clinically successful therapeutics.[@b6-idr-11-835] Despite the attractive feature that AMPs possess, their development into effective antimicrobials has been hampered by several obstacles including high mammalian cell cytotoxicity due to a lack of target selectivity in addition to high manufacturing costs and low metabolic stability.[@b7-idr-11-835]

Several reports have shown that BMAP-27 exhibits significant antimicrobial activity against wild-type and resistant strains of bacteria.[@b8-idr-11-835] In addition, the toxicity profile of BMAP-27 against mammalian cells was significantly high, limiting any possibility for the advancement of the molecule toward clinical development.[@b9-idr-11-835] OP-145 is a human cathelicidin LL-37-derived AMP with potent antimicrobial activities and relatively tolerable selectivity. It has been proven as a safe and successful treatment option for chronic otitis media in a clinical phase I/II trial.[@b10-idr-11-835]

In the present study, we have rationally designed a novel hybrid AMP aiming at retaining the potent antimicrobial activity of both BMAP-27 and OP-145 while reducing the toxicity profile of the product peptide against mammalian cells. In order to enhance its selectivity index and reduce its overall toxicity,[@b11-idr-11-835] the designed peptide was combined with conventional antibiotics to assess the synergistic outcome of these combinations. The design strategy focused on combining individual α-helical fragments from both BMAP-27 and OP-145 to generate a novel hybrid peptide with an enhanced safety profile and a capability of displaying potent synergistic activities when combined with conventional antibiotics. Named H4, the antimicrobial and antibiofilm activities of H4 were evaluated against a range of Gram-positive and Gram-negative bacterial strains in addition to multidrug-resistant (MDR) bacteria (MDRB). The synergistic effects of combining H4 with conventional antibiotics were also assessed for the purpose of identifying any synergistic patterns that would lower the effective minimum inhibitory concentration (MIC) of the peptide and consequently decrease the toxicity of the peptide. H4's toxicity was also evaluated using hemolytic assays in addition to antiproliferative studies against mammalian cells.

Materials and methods
=====================

Peptide design and analysis
---------------------------

The computational models for the prediction of the structural properties of the designed peptide were based on computational software as reported previously.[@b12-idr-11-835] The α-helical fragments from both BMAP-27 and OP-145 employed in the design of the hybrid peptide H4 were identified through the protein sequence analysis tool of Hierarchical Neural Network in Network Protein Sequence (NPS HNN) analysis.[@b13-idr-11-835] The percentage of the overall α-helical content of the designed peptide was calculated using the same software. The HydroMCalc software was employed for calculating the mean hydrophobicity (\<H\>) and the hydrophobic moment (\<μH\>).[@b14-idr-11-835] Innovagen's peptide calculator was used for calculating the water solubility, net charge at neutral pH, molecular weight, and isoelectric point of the parent and hybrid peptides.[@b15-idr-11-835] Finally, the ProtParam software from the ExPASy server was employed for the evaluation of the physicochemical parameters of H4.

Peptide synthesis and purification
----------------------------------

H4 was synthesized using solid-phase fluorenylmethyloxycarbonyl (Fmoc) chemistry (GL Biochem, Shanghai, China). The purity (\>95%) of the peptide was evaluated by employing high-performance liquid chromatography (HPLC). Electron spray ionization-mass spectrometry (ESI-MS) was used to confirm the identity of the synthetic H4 peptide.

Molecular modeling and in silico analysis of H4
-----------------------------------------------

The physicochemical parameters of H4 were analyzed using the ProtParam software.[@b16-idr-11-835] The HHpred (HHsearch 2.0) software was employed for identifying the optimal template for homology modeling of H4.[@b17-idr-11-835] Packing and solvent exposure characteristics were analyzed using the PROSA software.[@b13-idr-11-835] The RAMPAGE: Assessment of the Ramachandran Plot software was also used for the three-dimensional structure validation.[@b18-idr-11-835] The final model was visualized using Accelrys® Discovery Studio software.

Microorganisms
--------------

The microorganisms used in the study were acquired from the American Type Culture Collection (ATCC; Manassas, VA, USA) as the eight control bacterial strains were employed in the study for the evaluation of the antimicrobial activity of the hybrid peptide H4. The microorganisms include *Staphylococcus aureus* (ATCC 29213), *Staphylococcus epidermidis* (ATCC 12228), *Enterococcus faecalis* (ATCC 19433), *Klebsiella pneumoniae* (ATCC 13883), *Escherichia coli* (ATCC 25922), *Pseudomonas aeruginosa* (ATCC 27853), *P. aeruginosa* (ATCC 47083), and *Acinetobacter baumannii* (ATCC 19606). In addition, the antimicrobial activity of H4 was also evaluated against seven standard resistant strains and clinical isolates of bacteria including Gram-positive MDR *S. aureus* (ATCC 43300, 33591, and BAA41); two strains of MDR *Enterococcus faecium* (ATCC BAA2356 and BAA2316); and two Gram-negative bacterial strains including MDR *P. aeruginosa* (ATCC BAA2114), and MDR *E. coli* (ATCC BAA2452).

Antibiotics
-----------

Conventional antibiotics levofloxacin, chloramphenicol, rifampicin, and ampicillin were obtained from Sigma-Aldrich (St. Louis, MO, USA), and erythromycin was obtained from Sigma-Aldrich. According to the manufacturer's recommendations, the antibiotic powders and stock solution preparations were stored at the optimum temperature for each antibiotic.

Bacterial susceptibility assay
------------------------------

The standard microbroth dilution method as outlined by the Clinical and Laboratory Standards Institute guidelines was employed for the determination of the minimum inhibitory concentrations (MICs) of the hybrid peptide H4 against the bacterial strains mentioned previously.[@b18-idr-11-835],[@b19-idr-11-835]

Briefly, Muller--Hinton Broth (MHB; Oxoid Ltd., Basingstoke, UK) was used as a growth medium for overnight bacterial cell growth followed by dilution to 10^6^ CFU/mL employing the same medium prior to the experiment. The H4 hybrid peptide was serially diluted in MHB at a final volume of 50 μL/well using 96-well plates. The concentration range of H4 for the bacterial susceptibility assay was 0.5--25 μM. The final concentration of the bacterial cells, after dilution, was 5×10^5^ CFU/mL. Plates were incubated for 18 hours, at 37°C, in a humidified atmosphere. Following this, bacterial growth was determined by measuring optical density (OD) at λ=570 nm using an enzyme-linked immunosorbent assay (ELISA) plate reader (Epoch™; BioTek, Winooski, VT, USA). The growth of bacteria was determined by means of measuring OD by an ELISA plate reader. The minimum bactericidal concentration (MBC) was identified by inoculating 10 μL of the each well on agar and grown at 37°C for 24 or 48 hours. All MIC and MBC determinations were made in triplicate.

Synergistic evaluation of the peptide and antibiotics in combinations
---------------------------------------------------------------------

The checkerboard technique as described previously was employed for the determination of the synergistic effect of H4 and the antibiotics in combination against wild-type and resistant strains of bacteria.[@b20-idr-11-835] Serially diluted concentrations of each antibiotic and the H4 peptide were prepared in the range of 0.005--100 μM. The MIC and MBC of each individual combination were determined as described in the "Bacterial susceptibility assay" section. All MIC and MBC determinations of all assays were made in triplicate.

Fractional inhibitory concentration (FIC)
-----------------------------------------

The degree and the assessment of the synergy between two antimicrobial agents were determined and expressed by using the FIC index that is defined as the inhibitory concentration of the antimicrobial combination divided by that of the single antimicrobial component. The following equation represents the method for determining the FIC index: $$\begin{array}{l}
{\text{FIC~index} = \frac{\text{MIC~of~drug~X~in~combination}}{\text{MIC~of~drug~X~alone}} + \frac{\text{MIC~of~drug~Y~in~combination}}{\text{MIC~of~drug~Y~alone}}} \\
~ \\
\end{array}$$

The FIC indices were interpreted as follows: ≤0.5: synergistic activity, 0.5--1: additive activity, 1--4: indifferent, \>4: antagonism. Interpretation and assessment of the FIC indices were performed according to the broth microdilution checkerboard technique.[@b21-idr-11-835],[@b22-idr-11-835]

Antibiofilm activity of H4 against resistant strains of Gram-positive and Gram-negative bacteria
------------------------------------------------------------------------------------------------

The Calgary Biofilm Device (Innovatech, Edmonton, AB, Canada) was employed for biofilm formation as described previously.[@b23-idr-11-835] Briefly and according to the manufacturer's instructions, both bacterial strains of resistant *P. aeruginosa* (ATCC BAA2114) and *S. aureus* (ATCC 43300) were incubated in MHB for 20 hours at 37°C, followed by dilution of the bacterial concentration of both species to 10^7^ CFU/mL; 150 μL from each bacterial strain was inoculated with 96 pegs-lids found on the device to allow biofilm growth formation. After biofilm formation, the pegs were washed with phosphate buffered saline (PBS), and each peg-lid was then transferred into a "challenge 96-well microtiter plate" with different concentrations of H4 and incubated for 4 hours at 37°C. The minimum biofilm eradication concentration (MBEC) is defined as the minimum concentration needed to inhibit the regrowth of biofilms after 4 hours of peptide treatment using an ELISA plate reader at λ=550 nm. In addition, the biofilms were assessed for their MBC, as this parameter is defined as the lowest concentration that can eradicate 3 log~10~ of the viable microorganisms in a biofilm (99.9% killing) after 2 hours of incubation using the colony count method.

Hemolytic assay
---------------

The toxicity of H4 against human erythrocytes was determined using the hemolytic assay in order to assess the degree of hemolysis induced by the peptide and as described previously.[@b24-idr-11-835] Briefly, a 4% suspension of human erythrocytes (Zen-Bio Inc., Research Triangle Park, NC, USA) in 0.9% sodium chloride (NaCl) was prepared and incubated with different concentrations of H4 at 37°C for 1 hour. Triton X-100 was used as a positive control in order to induce 100% hemolysis, while erythrocytes lacking the peptide were employed as negative controls. The percent hemolysis was calculated using the following equation: hemolysis = (A−A0)/(AX−A0)\*100, where A is OD 570 nm with the peptide solution, A0 is OD 570 nm in NaCl, and AX is OD 570 nm with 0.1% Triton X-100.

Mammalian cytotoxicity assay
----------------------------

For determining the cytotoxicity of H4 against mammalian cells, two cell lines, HEK293 and Vero, were acquired from the ATCC and were employed as model in vitro cells for assessing the peptide cytotoxicity against mammalian cells. Each cell line used was seeded at a density of 5×10^3^ cells per well on a 96-well plate. The cells were exposed to different concentrations of H4 including the medium alone as a negative control. They were treated with various concentrations of H4 or with medium alone. Following this, the plates were incubated for 24 hours, after which 20 μL of 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution was added to each well and the plates were incubated again for 3 hours. The growth medium was later removed using a 1-mL syringe fitted with a needle, and 200 μL of dimethyl sulfoxide (DMSO) was added to each well and mixed vigorously to dissolve the formazan crystals that had developed. The absorbance was measured by using an absorbance microplate reader at 550 nm.

Results
=======

Peptide synthesis and purification
----------------------------------

Conventional solid-phase Fmoc chemistry was employed for the synthesis of H4 (GL Biochem). Reverse-phase HPLC was employed to determine the purity of the peptide, and the chromatogram indicated that the peptide purity was \>95% and in accordance with standard purity recommendations for peptide synthesis required for in vitro studies ([Figure 1](#f1-idr-11-835){ref-type="fig"}). The identity of the peptide was determined by ESI-MS as the synthetic replicate of H4 showing major peaks in the +4, +5, +6, and +7 charge states of 910.27, 728.38, 607.16, and 520.68 Da, respectively ([Figure 2](#f2-idr-11-835){ref-type="fig"}).

Design of H4 hybrid peptide
---------------------------

The strategy employed for the design of H4 depended on identifying the α-helical fragments within the primary sequence of the parent peptides employed in this study in order to combine these fragments to generate a hybrid peptide with enhanced and stabilized physicochemical properties that could be translated in vitro in retaining the antimicrobial activity of the parent peptides with an enhanced toxicity profile. Accordingly, both primary peptide sequences of BMAP-27 and OP-145 were evaluated for the percentage helicity employing the NPS HNN secondary structure prediction software and for the identification of the α-helical fragments within each peptide ([Table 1](#t1-idr-11-835){ref-type="table"}). The results displayed that the percentage helicity for BMAP-27 was 73.08%, while OP-145 exhibited a percentage helicity of 91.8%. Both peptides exhibited three potential α-helical fragments suitable for hybridization. These fragments were employed for creating several combinations of hybrid peptides that were subsequently evaluated for their overall percentage helicity, as well as other physicochemical parameters such as net charge, hydrophobicity, and hydrophobic moment. The resultant peptides were also screened for their antimicrobial activity. Using this approach, five novel hybrid peptides were evaluated for potential antimicrobial activity with only one hybrid peptide named H4 displayed promising antimicrobial activity in the initial screening assays (data not shown). H4 consists of an N-terminal fragment obtained from residues 9--26 of BMAP-27 and a C-terminal fragment from residues 1--16 of OP-145 ([Table 2](#t2-idr-11-835){ref-type="table"}). H4 is composed of 29 amino acid residues and displays a total percentage helicity of 90%, a net charge of +6, a hydrophobicity of 0.272, and a hydrophobic moment of 0.64 ([Table 2](#t2-idr-11-835){ref-type="table"}). Compared with the parent peptides, H4 displays an enhanced helicity profile in addition to an optimized net charge and a hydrophobicity index.

Molecular modeling of H4
------------------------

The three-dimensional modeling of H4 revealed that the peptide is exhibiting an α-helix conformation with the nearest template for reliable homology modeling was found with the KR-12 AMP and showed a score of 32.6 ([Figure 3](#f3-idr-11-835){ref-type="fig"}). The Ramachandran plot was used for model validation and confirmed that 100% of the amino acids participating in the formation of the secondary structure of the peptide are in favored regions in relation to the phi and psi torsion angles of the generated model. In addition, a generated z-score of −0.68 was reported for H4 using the PROSA II software, which indicates that the generated model is of good quality.

In vitro antimicrobial activity of H4
-------------------------------------

The antimicrobial activity of the hybrid peptide H4 was evaluated against different representative strains (control and resistant strains) of Gram-positive and Gram-negative bacteria. H4 managed to inhibit the growth of all bacterial strains employed in this study ([Table 3](#t3-idr-11-835){ref-type="table"}). The most sensitive Gram-positive organisms to H4's activity were the MDR strains of *E. faecium* and *E. faecalis* (ATCC BAA2316 and BAA2365) with an MIC value of 5 μM. The most resistant Gram-positive strain to H4's antimicrobial activity was *S. aureus* (ATCC 29213) with an MIC value of 20 μM, while the different strains of *S. aureus* including the control and MDR strains reported an MIC value of 10 μM when exposed to H4. Regarding the antimicrobial activity of H4 against Gram-negative bacteria, the same potent activity of H4 was reported as the MIC values reported were in the range of 2.5--25 μM. The most sensitive strain to H4's activity was the Gram-negative *K. pneumoniae* (ATCC 13883) with an MIC value of 2.5 μM, while the most resistant strain being the MDR *P. aeruginosa* (ATCC BAA2114) strain with an MIC value of 25 μM. All the MBC values for all bacterial strains tested against H4 were equal to the MIC values, indicating that the peptide is behaving in a bactericidal manner since it is accepted that antimicrobial drugs that exhibit MBC values within the same range of MIC values and not more than fourfold are bactericidal.

Antimicrobial synergistic assay
-------------------------------

In the present assay, H4 was combined with four conventional antibiotics (levofloxacin, chloramphenicol, rifampicin, and erythromycin), and the antimicrobial activity of these combinations was assessed against five wild-type and MDR bacterial strains including *E. faecalis* (ATCC BAA2316), *S. aureus* (ATCC 29213 and 33591), *and P. aeruginosa* (ATCC BAA2114 and 27853).

### Determination of MIC values of the individual antibiotics

The MIC values of the antibiotics employed in this study were determined against the tested bacterial strains. The reported data displayed wide variety of MIC values according to antibiotic and bacterial strains tested. *E. faecalis* (ATCC BAA2316) and *S. aureus* (ATCC 29213 and 33591) bacterial strains displayed high sensitivity toward rifampicin with MIC values equal to 7.5, 0.4, and 0.025 μM, respectively. Levofloxacin reported strong activity against *P. aeruginosa* (ATCC BAA2114 and 27853) bacterial strains with MIC values equal to 12 and 7.5 μM, respectively. On the other hand, chloramphenicol was reported as the most resistant antibiotic against the subjected bacterial strains, and the MIC values ranged from 20 to 350 μM. [Table 4](#t4-idr-11-835){ref-type="table"} summarizes all MIC values for the antibiotics.

### Checkerboard assay results

The reported data, as shown in [Table 4](#t4-idr-11-835){ref-type="table"}, displayed dramatic reduction in MIC values of H4 and the antibiotics combinations when compared to their individual MICs. Furthermore, the calculation of the percentage reduction of the MIC values of antibiotics in combination with H4 compared with MIC alone showed major differences. Of the overall 20 combinations, 12 combinations displayed synergistic behavior, while the last eight combinations showed an additive or an antagonistic effect. One of the most synergistic combinations was the H4--rifampicin combination that displayed a synergistic effect (FIC ≤0.5) against all the subjected bacterial strains, and the percentage of reduction of the antibiotic MIC values ranged from 60% when tested against *P. aeruginosa* (ATCC BAA2114) to 80% when tested against *S. aureus* (ATCC 29213) in comparison with its individual MIC value. The H4--levofloxacin combination displayed synergistic effects against *E. faecalis* (ATCC 2316), *S. aureus* (ATCC 29213), and *P. aeruginosa* (ATCC 27853) with a percentage reduction of antibiotic MIC values compared with the individual MICs equal to 60%, 75%, and 67%, respectively. On the other hand, this combination displayed an additive effect (1≥ FIC \>0.5) against *S. aureus* (ATCC 33591) and *P. aeruginosa* (ATCC BAA2114) with percentage MIC reductions equal to 67% and 33%, respectively. Combining H4 with chloramphenicol led to the most synergistic effect in all combinations with a FIC value equal to 0.22 when tested against *P. aeruginosa* (ATCC BAA2114) and a percentage MIC reduction equal to 87%. This combination also displayed another synergistic effect (FIC =0.26) when tested against *S. aureus* (ATCC 33591) and led to a percentage MIC reduction equal to 77%. Testing H4--chloramphenicol combination against *E. faecalis* (ATCC 2316), *S. aureus* (ATCC 29213), and *P aeruginosa* (ATCC 27853) was accompanied with additive outcomes. Regarding H4--erythromycin combination, the synergistic effects were reported against *S. aureus* (ATCC 29213) and *P. aeruginosa* (ATCC 27853) with a percentage reduction of antibiotic MIC values equal to 75% and 98%, respectively.

Antibiofilm activity of H4
--------------------------

Two representative resistant strains of both Gram-positive and Gram-negative bacteria including *S. aureus* (BAA41) and *P. aeruginosa* (BAA2114) were employed for the determination of the antibiofilm activity of H4. The MBEC for *S. aureus* (BAA41) and *P. aeruginosa* (BAA2114) was reported to be equal 20 and 25 μM, respectively ([Table 5](#t5-idr-11-835){ref-type="table"}). The data obtained from the antibiofilm studies clearly indicated the potent antibiofilm activity of the H4 peptide at relatively low concentrations.

Hemolytic assay
---------------

The hemolytic activity of H4 against human erythrocytes was evaluated at different concentrations within the range of 5--100 μM. At the antimicrobial concentrations required to inhibit the growth of both Gram-positive and Gram-negative microbial strains evaluated in this study which range between 2.5 and 25 μM, H4 caused 0% hemolysis after 1 hour of incubation with human erythrocytes ([Table 6](#t6-idr-11-835){ref-type="table"}). In addition, when H4 was incubated with human erythrocytes at concentrations equal to the MBEC values (25 μM) that are needed to inhibit biofilm growth of *P. aeruginosa* and *S. aureus*, respectively, the peptide as with the MIC values induced 0% hemolysis. When evaluated at a concentration equivalent to tenfold the mean MIC (100 μM), the percentage hemolysis reported was equal to 2.1 after 1 hour of incubation with human erythrocytes. The hemolytic results clearly indicated the peptide's significant selectivity toward microbial cells when compared to human erythrocytes, confirming the rationale behind decreasing the toxicity of AMPs as a result of the hybridization strategy employed in this study.

Cell cytotoxicity of H4
-----------------------

H4 managed to inhibit the proliferation of both mammalian cell lines HEK293 and Vero that were employed in this study with average half maximal inhibitory concentration (IC~50~) values of 61.9 and 64.9 μM, respectively ([Figure 4](#f4-idr-11-835){ref-type="fig"}; [Table 7](#t7-idr-11-835){ref-type="table"}). When compared with the data obtained from the antimicrobial susceptibility assay, a sixfold increase in the values of the geometric MIC was needed to inhibit 50% proliferation of mammalian cells when treated with H4 peptide. The results of the antiproliferative study and the previous hemolytic studies indicated that the peptide is exhibiting minimal cytotoxicity against mammalian cells when compared to its antimicrobial activity. In addition, the peptide is showing a significant margin of selectivity against microbial cells and thus confirming the benefit of both hybridization and synergism in decreasing the overall cytotoxicity of AMPs.

Discussion
==========

The bacterial resistance issue has become one of the most threatening and challenging health dilemmas in the recent era. Globally, this serious threat is no longer a prediction for the future; it is happening right now in every region of the world and has the potential to affect anyone, of any age, in any country.[@b25-idr-11-835] This state of uncontrolled and progressive acceleration of microbial resistance, including the MDRB, has been further complicated due to the significant decline in the available effective antibiotics within the health care setting. The last few decades have witnessed drying pipelines within the major pharmaceutical companies and reduced budgets allocated for research and development in the field of antimicrobials.[@b26-idr-11-835]--[@b29-idr-11-835] Thus, recent efforts have been directed to develop new antimicrobial agents with new modes of action. AMPs exemplify a promising group of therapeutics to manage bacterial infections including MDRB. The ability to kill bacterial cells rapidly and the very low likelihood of resistance development represent considerable advantages over traditional antibiotics.[@b30-idr-11-835] In contrast, many disadvantages restrict the use of native peptides as therapeutics. The AMPs' toxicity against mammalian cells is considered a major hindrance to the development of effective antimicrobial agents.[@b31-idr-11-835] In spite of all these negative aspects, AMPs still attract a growing interest and are considered as effective tools to develop new therapeutics. Peptidomimetics are a potential strategy that has recently been followed to enhance the antimicrobial activity and bioavailability of native AMPs. This approach is based on maintaining biological activity via identifying active fragments with different peptide sequences instead of introducing specific structural and functional physicochemical modifications.[@b32-idr-11-835] In addition, recent studies revealed that peptidomimetics may also enhance high cell selectivity toward mammalian cells and enzymatic resistance over native peptides.[@b33-idr-11-835],[@b34-idr-11-835] Hybridization, a well-representative strategy of peptidomimetics, is an effective trend aimed at enhancing the selectivity, diminishing toxicity, and potentiating or maintaining the antimicrobial activity of AMPs.[@b33-idr-11-835] For effective deployment of the hybridization strategy, several physicochemical parameters should be taken in consideration that mainly influence AMPs' antimicrobial activity and differential selectivity. In the present study, individual α-helical fragments from both BMAP-27 and OP-145 were merged rationally to design H4, a novel hybrid peptide that exhibits an enhanced therapeutic index profile while retaining the antimicrobial activity of parent native peptides. The secondary structure, hydrophobicity, and net charge are considered the most important factors that govern AMPs' activity.[@b36-idr-11-835] Thus, the newly designed hybrid peptide was screened for all the structural parameters including the percentage of helicity, net charge, hydrophobicity, and hydrophobic moment that give a primary indication about its antimicrobial activity.

In order to elicit their antimicrobial activity, AMPs and bacterial cell membranes should first accomplish an initial binding step. This issue is mainly governed by the electrostatic attraction between the negatively charged surfaces of bacterial cell membranes and hydrophilic positively charged residues of AMPs. This facilitates the insertion of the hydrophobic motifs of AMPs into the bacterial membrane, leading to destabilization of bacterial cell membrane and hence cell lysis and death as a result of transient pore-like structure formation.[@b37-idr-11-835] In addition, maintaining a threshold degree of hydrophobicity is crucial to disrupt bacterial membrane integrity after membrane penetration.[@b38-idr-11-835]

As reported in the present study, H4 exhibits a net cationic charge equivalent to +6. This significant charge load ensures a sufficient electrostatic attraction between the cationic residues of H4 and the negatively charged phospholipids found on bacterial cell membranes.[@b39-idr-11-835] The presence of arginine residues within the H4 sequence, especially on the terminal region of the peptide, has a vital role for potentiating an electrostatic attraction by creating a complex between arginine's guanidine moiety and the phospholipid head groups of bacterial cell membranes.[@b40-idr-11-835] In addition, the secondary structure is considered as a detrimental factor that also potentiates AMPs' permeation and hence enhances the killing potency against bacterial cells. Thus, the design strategy of H4, a novel hybrid peptide, depends on combining two active α-helical fragments identified in the parent native peptides employed in this study. This hybridization strategy aims at improving the characteristics of the newly generated peptide over the parent peptides via merging and capturing the potential benefits of each individual α-helical fragment.[@b41-idr-11-835] According to the helical analysis data shown in [Table 1](#t1-idr-11-835){ref-type="table"}, each individual parent peptide seems to exhibit three potential α-helical fragments suitable for hybridization. In the initial screening assay, H4 is the only one, of the five newly generated hybrid peptides that displayed promising antimicrobial activity. The data and the selected fragments of BMAP-27 that constitute the primary sequence of H4 are also in accordance with previous studies performed on BMAP-27 and its active N- and C-terminal parts that clearly indicate the importance of the amino acids incorporated in the primary structure on reducing the cytotoxicity of the peptide.[@b42-idr-11-835]

Accordingly, when H4 was assessed against representative wild-type and MDR bacterial strains, the results revealed that the new rationally designed hybrid peptide displays a wide spectrum of antimicrobial activity against all the employed bacterial strains. The MIC values of H4 against the representative standard strains were within the range of 10--20 μM and decreased to 5--10 μM when tested against the representative resistant strains of Gram-positive bacteria. On the other hand, H4 managed to kill the representative standard as well as MDR bacterial strains of Gram-negative bacteria within the range of 10--25 μM, except for *K. pneumoniae*, that was the most sensitive strain with an MIC value equivalent to 2.5 μM. Therefore, the resistant nature of the subjected bacterial strains seems to have no effects on the mechanism of action of the AMP and hence its killing potential. All the reported MIC values were equal to the MBC values, indicating that the H4 peptide is bactericidal in nature rather than bacteriostatic. All these results prove the efficiency of the hybridization strategy in developing highly active and promising antimicrobial agents.

Furthermore, combining H4 peptide with different conventional antibiotics and assessing the antimicrobial and synergistic activity of these combinations, 60% of the resulted combinations displayed a synergistic behavior, while only 15% displayed an antagonistic effect. This high diversity and variation in the MIC results within the different antibiotic--H4 combinations can be explained by the high diversity in the mechanism of actions of the employed antibiotics alone as well as in combination with H4. As the bacterial cell membrane is suggested to be the target of H4, the subjected antibiotics act intracellularly by interfering with nucleic acid synthesis or blocking different protein synthesis pathways.[@b43-idr-11-835],[@b44-idr-11-835] However, there is no explanation to the synergistic mechanism of action of H4--antibiotic combinations. One of the most accepted theories is that membrane targeting and pore formation effects of H4 could facilitate antibiotic insertion through bacterial cell membrane and consequently lead to facilitating the antibiotic mechanism of action intracellularly.[@b45-idr-11-835]

The biofilm structure is considered as one of the most resistant mechanisms of bacterial cell survival that cannot be managed by the available conventional antibiotics. Usually and in comparison with planktonic cells, it takes tenfold to 1000-fold higher concentrations of traditional antibiotics to eradicate biofilm cells due to their specific nature of resistance expression, including the extracellular lipopolysaccharide matrix that retards antibiotic penetration and hence leads to the loss of treatment efficiency.[@b46-idr-11-835],[@b47-idr-11-835] However, when H4 was evaluated for its antibiofilm activity, the results revealed that H4 has a potential ability to eradicate biofilm formation as its reported MBEC values were equivalent to the MIC values of both *S. aureus* (ATCC BAA41) and *P. aeruginosa* (ATCC BAA2114), respectively. The results are a good indication that H4 is a promising potent antibiofilm agent; however, the mechanism of action of H4 against biofilm structures remains to be elucidated.

The benefits of the hybridization strategy are also highlighted in this study via evaluating the cytotoxicity profiles of the newly designed hybrid peptide against human erythrocytes and two mammalian cell lines. This toxicity is almost diminished as the new hybrid peptide did not exhibit any hemolytic toxicity at the concentrations required to kill or inhibit biofilm and planktonic bacterial cells, and the percentage of hemolysis never exceeded 2.1 when exposed to a tenfold increase in concentration compared with the average MIC values reported against all studied bacterial strains. The cytotoxic nature associated with the parent peptide, BMAP-27, against normal mammalian cells is also minimal as the reported IC~50~ values for H4 against both employed mammalian cell lines were equivalent to six-fold the average MIC values of the antimicrobial susceptibility assay. Accordingly, the reported data confirmed that the hybridization strategy via merging two individual α-helical fragments of both parent peptides is an effective way to enhance the selectivity and potentially diminish the toxicity of AMPs against eukaryotic cells. The low hydrophobicity (0.272) and significant positive charge (+6) of H4 contribute to minimizing the cytotoxicity of the peptide toward eukaryotic cells. The abundant presence of zwitterionic phospholipids in eukaryotic cells in contrast to bacterial cell membranes that carry a higher proportion of anionic phospholipids in their membrane structure plays a major role in enhancing the selectivity of positively charged AMPs.[@b48-idr-11-835],[@b49-idr-11-835] The most significant results of this study are related to the synergistic assay. As the aim of this study was to reduce the cytotoxicity of AMPs, the synergistic studies of H4 with conventional antibiotics have reduced the effective MICs of both H4 and the antibiotics dramatically, and the lowest FIC index was reported for the chloramphenicol--H4 combination against the resistant Gram-negative *P. aeruginosa* (ATCC BAA2114) with a FIC value of 0.22. The MIC value for H4 in that combination was reduced tenfold from 25 to 2.5 μM, while chloramphenicol's MIC was reduced from 200 to 25 μM. The same combination was also proved to be effective against *S. aureus* (ATCC 43300) as the MIC value for H4 decreased 20-fold from 5 to 0.25 μM. In addition, other H4 antibiotic combinations were also proved to be successful such as the rifampicin--H4 combination that displayed a synergistic mode of action against all bacterial strains tested. The results of the synergistic studies indicated that synergism is effective in reducing AMPs' MIC values effectively and consequently can reduce the toxicity of AMPs significantly. Although the mechanism of action of the synergistic mode of action remains to be elucidated, our study has proved that both hybridization and synergism are effective tools in reducing the overall cytotoxicity of AMPs and that several synergistic AMP--antibiotic combinations can be identified for novel antimicrobial development.

Conclusion
==========

The present study reported the design of a novel hybrid AMP named H4 via merging two individual α-helical fragments from two predefined native parent peptides. Evaluating the hemolytic and antiproliferative activity of H4 revealed the advanced beneficial effects of the hybridization as the newly generated peptide exhibited very low or negligible toxicity profiles toward eukaryotic cells. Furthermore, its antimicrobial activity and toxicity profiles were dramatically enhanced when combined with conventional antibiotics, and synergistic modes of action were the dominant trend between the peptide--antibiotic combinations. Further investigations are required using animal models in order to optimize H4's pharmacodynamic and pharmacokinetic profiles in order to assess the feasibility of employing the molecule into advanced trials as an efficient and nontoxic antimicrobial agent.
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![Analytical RP-HPLC chromatogram of the synthetic hybrid peptide H4 displaying a purity of \>95%.\
**Abbreviation:** RP-HPLC, reverse-phase high-performance liquid chromatography.](idr-11-835Fig1){#f1-idr-11-835}

![Positive ESI-MS analysis of the synthetic peptide H4 showing major peaks in the +4, +5, +6, and +7 charge states of 910.27, 728.38, 607.16, and 520.68 Da, respectively.\
**Abbreviation:** ESI-MS, electrospray ionization-mass spectrometry.](idr-11-835Fig2){#f2-idr-11-835}

![Three-dimensional structural modeling of H4. Red regions correspond to helical structures within the peptide, while the green regions represent hinged regions and unordered conformations, respectively. The structure was visualized using Accelrys Discovery Studio software.](idr-11-835Fig3){#f3-idr-11-835}

![Cell survival curves as measured by MTT assay for H4 against two normal mammalian cell lines, Vero and HEK293. Cells were incubated with various concentrations of the peptides, for 24 hours, at 37°C. Control cells represent 100% proliferation, and the mean absorbance of treated cells was related to control values to determine sensitivity. Error bars represent standard error from mean cell proliferation as determined by repeated experiments.\
**Abbreviation:** MTT, methylthiazolyldiphenyl-tetrazolium bromide.](idr-11-835Fig4){#f4-idr-11-835}

###### 

NPS HNN secondary structure analysis and percentage helicity generated for BMAP-27, OP-145, and the hybrid peptide H4 in addition to the α-helical fragments identified from each peptide

  -----------------------------------------------------------------------------
  Peptide   Natural sequence                 Helicity %   α-helical fragments
  --------- -------------------------------- ------------ ---------------------
  BMAP-27   GRFKRFRKKFKKLFKKLSPVIPLLHL-NH2   73.08        KFKKLFKKLSPV\
                                                          RFKRFRK\
                                                          RFKRF

  OP-145    IGKEFKRIVERIKRFLRELVRPLR         91.8         GKEFKR\
                                                          IGKEFKRI\
                                                          IGKEFKRIVERIKRFL

  H4        KFKKLFKKLSPVIGKEFKRIVERIKRFLR    90           KFKKLFKKLSPV\
                                                          IGKEFKRIVERIKRFL
  -----------------------------------------------------------------------------

**Abbreviation:** NPS HNN, Hierarchical Neural Network in Network Protein Sequence.

###### 

The calculated mean hydrophobicity \<H\>, hydrophobic moment \<µH\>, and net charge of BMAP-27, OP-145, and the hybrid peptide H4

  Peptide name   Hybrid sequence                  Hydrophobicity \<H\>   Hydrophobic moment \<µH\>   Net charge z
  -------------- -------------------------------- ---------------------- --------------------------- --------------
  BMAP-27        GRFKRFRKKFKKLFKKLSPVIPLLHL-NH2   0.394                  0.474                       10
  OP-145         GIGAVLKVLTTGLPALISWIKRKRQQ       0.165                  0.805                       6
  H4             KFKKLFKKLSPVIGKEFKRIVERIKRFLR    0.272                  0.638                       6

###### 

MICs of H4 against all the microbial strains employed in this study

  Bacterial strain                    ATCC      MIC (µM)
  ----------------------------------- --------- ----------
  Standard strains (Gram-positive)              
  *Staphylococcus aureus*             29213     20
  *Enterococcus faecalis*             19433     15
  *Staphylococcus epidermidis*        12228     10
  Resistant strains (Gram-positive)             
  *S. aureus*                         33591     10
  *S. aureus*                         43300     10
  *S. aureus*                         BAA41     10
  *E. faecalis*                       BAA2365   5
  *Enterococcus faecium*              BAA2316   5
  Standard strain (Gram-negative)               
  *Escherichia coli*                  25922     10
  *Pseudomonas aeruginosa*            27853     20
  *Acinetobacter baumannii*           19606     10
  *Klebsiella pneumoniae*             13883     2.5
  Resistant strains (Gram-negative)             
  *P. aeruginosa*                     BAA2114   25
  *E. coli*                           BAA2452   10

**Abbreviations:** ATCC, American Type Culture Collection; MIC, minimum inhibitory concentration.

###### 

MICs of individual antibiotics and those in combination with H4 including the percentage reduction of antibiotic MIC when in combination; MICs of individual H4 and those in antibiotic combination; and the FIC indices for the antimicrobial combinations against the tested bacterial species

  Bacterial species                       Antibiotics    H4      FIC index                             
  --------------------------------------- -------------- ------- ----------- ----- ------ ------------ ------
  *Enterococcus faecalis* ATCC BAA2316    Levofloxacin   12.5    5           60    5      0.25         0.45
  Chloramphenicol                         20             15      25          5     0.25   0.8          
  Rifampicin                              7.5            1.8     75          5     0.25   0.29         
  Erythromycin                            --             --      --          --    --     Antagonism   
  *Staphylococcus aureus* ATCC 33591      Levofloxacin   0.75    0.25        67    10     7.5          1.08
  Chloramphenicol                         130            30      77          7.5   0.25   0.26         
  Rifampicin                              0.4            0.1     75          7.5   0.2    0.27         
  Erythromycin                            --             --      --          --    --     Antagonism   
  *S. aureus* ATCC 29213                  Levofloxacin   0.5     0.125       75    20     2.5          0.37
  Chloramphenicol                         20             10      50          20    5      0.75         
  Rifampicin                              0.025          0.005   80          20    2.5    0.32         
  Erythromycin                            0.5            0.125   75          20    2.5    0.37         
  *Pseudomonas aeruginosa* ATCC BAA2114   Levofloxacin   12      8           33    25     0.75         0.69
  Chloramphenicol                         200            25      87          25    2.5    0.22         
  Rifampicin                              50             20      60          25    2.5    0.5          
  Erythromycin                            --             --      --          --    --     Antagonism   
  *P. aeruginosa* ATCC 27853              Levofloxacin   7.5     2.5         67    20     0.75         0.37
  Chloramphenicol                         350            150     57          20    10     0.93         
  Rifampicin                              45             15      67          20    0.25   0.34         
  Erythromycin                            150            2.5     98          20    10     0.5          

**Abbreviations:** ATCC, American Type Culture Collection; FIC, fractional inhibitory concentration; MIC, minimum inhibitory concentration.

###### 

Antibiofilm activity of H4 against standard resistant strains of *Staphylococcus aureus* (BAA41) and *Pseudomonas aeruginosa* (BAA2114)

  Antibiofilm activity   *S. aureus* (ATCC BAA41)   *P. aeruginosa* (BAA2114)
  ---------------------- -------------------------- ---------------------------
  MBEC value             20 µM                      25 µM

**Abbreviations:** ATCC, American Type Culture Collection; MBEC, minimum biofilm eradication concentration.

###### 

Hemolytic activity of H4 against human erythrocytes after 1 hour of exposure to the peptide

  Peptide concentration (µM)   Hemolysis (%) H4
  ---------------------------- ------------------
  5                            0
  10                           0
  25                           0
  40                           0
  55                           0
  70                           0
  85                           0
  100                          2.1

###### 

Cytotoxicity effects (IC~50~ value) using MTT assay of H4 on two eukaryotic mammalian cell lines (HEK293 and Vero)

  Peptide   HEK293 IC~50~ (µM)   Vero IC~50~ (µM)
  --------- -------------------- ------------------
  H4        61.9±0.18            64.9±1.01

**Note:** Data represent the mean ± SD of three independent experiments.

**Abbreviations:** IC~50~, half maximal inhibitory concentration; MTT, methylthiazolyldiphenyl-tetrazolium bromide.
